Previous studies have established the existence of CD4-independent simian immunodeficiency virus, human immunodeficiency virus type 2 (HIV-2), and laboratory strains of HIV-1. However, whether CD4-independent viruses may also exist in HIV-1-infected patients has remained unclear. We have recently reported the isolation of viruses from an AIDS patient that were able to infect CD8 ؉ cells independent of CD4, using CD8 as a receptor. Using a similar approach, here we examined viruses from 12 randomly selected patients (obtained from the AIDS Research and Reference Program, National Institutes of Health) for the presence of CD4-independent HIV-1. CD4-independent variants were isolated from infected CD8
Human immunodeficiency virus type 1 (HIV-1) primarily infects CD4
ϩ T cells and monocytes/macrophages, using CD4 as a receptor and CCR5 (R5) or CXCR4 (X4) as a coreceptor. However, previous studies have shown that simian immunodeficiency virus (SIV) (6), HIV-2 (8, 29) , and some laboratory strains of HIV-1 (5, 19, 21) can also infect cells independent of CD4. Studies have also shown that a wide range of CD4-negative cells, including fibroblasts (36) , epithelial cells (27) , and neural cells (13) , can be infected in vitro by certain strains of HIV. Further, it is well established that in vivo HIV can enter a wide range of cells that do not express CD4, including the cells of the nervous (12) and renal (9, 28) systems. However, the significance of CD4-independent infection in AIDS pathogenesis has remained largely unknown because primary CD4-independent HIV-1 variants are rarely isolated from infected patients.
In contrast to CD4 ϩ cells, CD8 ϩ lymphocytes are usually resistant to HIV-1 infection, and these cells play an important protective role in AIDS pathogenesis. It is generally believed that HIV-1 disease progresses with the eventual failure of CD8 ϩ cells that primarily control the primary virus infection for an extended period of time (9, 24) However, the exact reason why the immune CD8 ϩ cells eventually fail in HIV-1 infection has remained unclear. Although several studies have previously reported that HIV-1 can be found in CD8 ϩ cells both in vivo (22, 33) and in vitro (10, 17) , it was assumed that infection of CD8 ϩ cells probably occurred through transient expression of CD4 in the single-CD8
ϩ cells or at a stage when the CD8 ϩ cells were at a double-positive (CD4 ϩ CD8 ϩ ) stage during T-cell development. We have recently isolated productively infected CD8 ϩ cells from an AIDS patient and found that some of the CD8 ϩ -cell-produced viruses were able to infect CD8 ϩ cells independent of CD4, using CD8 as a receptor (31, 32) . These findings raise the important question of whether the CD4-independent variants capable of infecting CD8 ϩ cells are aberrant viruses that are present only in rare patients or whether these viruses may be present in other HIV-1-infected individuals. The in vivo evolution of HIV-1 that can directly infect CD8 ϩ cells and other CD4-negative cells independent of CD4 may have important implications for AIDS pathogenesis.
In HIV-1-infected subjects, a large number of related but divergent viral variants coexist as a quasispecies. When viral isolates are generated from patients' peripheral blood mononuclear cells by short-term coculturing with uninfected peripheral blood mononuclear cells or CD4 ϩ T cells, a similar viral quasispecies is likely to emerge. We hypothesized that even if CD4-independent viruses existed in the quasispecies of an infected individual, these variants were likely to be at a low abundance relative to the more common CD4-tropic strains. Therefore, in order to propagate the CD4-independent viruses, it might be necessary to enrich these variants from the bulk viral quasispecies.
In this study, we sought to investigate whether CD4-independent viruses exist in HIV-1-infected subjects. We found that CD4-independent variants could be isolated from 7 of 12 patients through infection of purified CD8 ϩ T cells. The isolated CD4-independent variants were able to infect CD4 Ϫ
CD8
ϩ cells independent of CD4. The CD4-independent isolates from two patients produced syncytia and caused acute death of the infected CD8 ϩ cells. Although no common motif for CD4 independence was found, interesting changes were observed in the envelopes of the CD4-independent viruses from different patients.
MATERIALS AND METHODS
Isolation of CD4-independent HIV-1. We randomly selected 12 patients (obtained through the AIDS Research and Reagent Program [ARRP] at the National Institutes of Health [NIH] ) infected with different subtypes of HIV-1 for isolation of CD4-independent HIV-1 variants. As listed by the ARRP, the 12 primary viruses that we tested were originally obtained from patients in North America, Africa, and Asia and contained R5-, X4-, or dual (R5X4)-tropic isolates of clades A, B, D, and E (Table 1) . Some of these patients have been studied extensively by different groups over the years (3, 4, 7, 11, 23, 24, 37) . Infection and isolation of CD4-independent viruses were performed by using a previously described technique (31) . Briefly, purified CD4 ϩ and CD8 ϩ cells from healthy donors were infected simultaneously with the original bulk viral quasispecies from each patient (0.1 pg of p24/cell), and virus replication was monitored (31, 32) . We used a rigorous approach to isolate CD4-independent strains from the bulk viral quasispecies of each of these patients. After infection of purified CD8 ϩ cells, the cells were further sorted by fluorescence-activated cell sorting (FACS) 3 to 4 days later, with a very conservative gate to exclude any contaminant CD4 ϩ or double (CD4 ϩ CD8 ϩ )-positive cells. Sorted CD8 ϩ cells were tested for CD4 contamination by detection of CD4 mRNA by sensitive reverse transcriptase (RT)-PCR. Infection of CD8 ϩ cells was also monitored by detection of HIV DNA and mRNA by PCR and RT-PCR, respectively (31, 32) . Only rarely was any mRNA for CD4 detected in the sorted CD8 ϩ cells, and whenever any trace of CD4 mRNA was detected, cells were discarded from further experiments to avoid any possibility of contamination with CD4-tropic strains. It was previously reported that normal CD4-tropic HIV-1 strains are not able to enter such stringently selected CD8 ϩ cells (31) . Finally, the CD4-independent variants were grown from infected and sorted CD8 ϩ cells in short-term (2 to 4 weeks) cocultures with (CD4-depleted) CD8
ϩ cells from healthy donors.
HTAs. For determination of whether the CD4-independent viruses from different patients were preexistent in the viral isolates from the ARRP and for examination of the relative abundance of the CD4-independent variants, heteroduplex tracking assays (HTA) were performed as previously described (18, 25) . Briefly, viral RNA was isolated from culture supernatants and used in RT-PCR to generate 400-bp V1/V2 or 144-bp V3 products. The same regions were also amplified from cloned env genes by PCR. Two probes were end labeled for analysis of each region (BaL and JR-FL sequences for V1/V2 and JR-FL and a clade C sequence for V3). Products were mixed individually with the appropriate probes, heated to denature the duplexes, and cooled to allow heteroduplexes to form. The heteroduplexes were separated on 6% (V1/V2) or 12% (V3) nondenaturing polyacrylamide gels and visualized by autoradiography and phosphorimaging (Molecular Dynamics). The relative abundance of each variant in the isolates was determined by ImageQuant (Molecular Dynamics) analysis by summing the intensities for all heteroduplex bands within a lane and dividing the intensity for each band by the sum. Duplicate RT-PCR products were analyzed, and the relative abundances for each band were averaged. Some products were cloned into the pT7Blue-3 vector by use of the Perfectly Blunt cloning kit (Novagen). Clones were screened by HTA and sequenced as described previously (25) .
CD4-independent infection of CD8 ؉ cells. The CD4-independent viruses were tested for the ability to infect primary CD8 ϩ cells as well as KRCD8 cells, an established CD8
ϩ -T-cell line (31) . A known CD4-tropic strain (IIIB) and primary HIV-1 that replicated only in CD4 ϩ cells were used as negative controls for these experiments, while a previously isolated CD8-tropic strain (AD3.v6) was used as a positive control (31) . All isolates were simultaneously tested for CD4 tropism by infection of primary CD4 ϩ cells and a CD4 ϩ -T-cell line (MT-2). Infection and virus replication were closely monitored by PCR with genomic DNA from infected cells, by RT-PCR with infected cell lysates, by RT assays, and by p24 enzyme-linked immunosorbent assay (ELISA) with viral supernatants (31, 32) . Because of the possibility of low levels of virus replication, virus production was also tested by the measurement of viral loads (RNA copy numbers) by use of an ultrasensitive AMPLICOR kit (Roche) with a detection limit of 50 copies of HIV-1 RNA per ml, according to the manufacturer's instructions. All viral isolates were further tested for infectivity in a biological assay with MT-2 cells by determination of the 50% tissue culture infective dose (TCID 50 ) by conventional methods. Phenotypes of the infected cells were routinely checked by FACS analyses, using antibodies against different cell surface markers, including CD4 and CD8 (30) . Although KRCD8 cells are known to be negative for CD4 expression, during infection of these cells, induction of CD4 mRNA was strictly monitored by FACS as well as RT-PCR. For further testing of the role of CD4 and CD8 molecules, CD8 ϩ cells were infected in the presence of blocking anti-CD4, anti-CD8, and isotype control antibodies, as previously described (31) .
Infection of CD8
ϩ cells was also performed with CD4-independent viruses or known CD4-tropic IIIB viruses that were pretreated for 1 h with soluble CD4 (sCD4-183 from the ARRP) at 10 g/ml, and virus replication was monitored (31). Use of coreceptors and syncytium induction. The use of coreceptors by different CD4-independent isolates was tested by infection of a panel of U87 cells expressing CD4 and coreceptor CCR-1, -2, -3, -4, or -5 or CXCR4 (obtained through ARRP). The ability of the CD4-independent variants to induce syncytia was also tested in CD4 ϩ X4 ϩ MT-2 and CD4 Ϫ X4 Ϫ KRCD8 cells (31) . As negative controls for these experiments, heat-inactivated (58°C for 1 h) viral stocks were used for infection.
Sequence analyses. The full-length envelope (env) coding regions of the CD4-independent isolates were amplified from infected CD8 ϩ cells by nested PCR, and the products were sequenced (31) . The envelopes of the CD4-tropic viruses present in these patients were also sequenced for comparison with those from CD4 ϩ cells infected with the bulk viral quasispecies from each patient. Whenever necessary, the envelopes of CD4-independent isolates were cloned and sequenced for comparison. The sequences were analyzed by a comprehensive VESPA analysis (20) . The CD4-tropic env sequences from some of these patients are also available in the HIV sequence database and from previous studies (3, 4, 7, 11, 23, 24, 37) .
Nucleotide sequence accession numbers. The sequences of the CD4-independent variants isolated in this study have been submitted to GenBank (accession numbers AF 391548 to AF 391553 and AF 418562).
RESULTS
Evidence of CD4-independent HIV-1. When purified CD8 ϩ T cells were infected with the bulk viruses from different patients, low levels of virus replication were detected in 7 of 12 isolates examined (Fig. 1A) . As expected, viruses from all patients replicated in CD4 ϩ T cells, albeit at different levels (Fig.  1B) . For most of the viruses that were able to replicate in CD8 ϩ cells, virus production was significantly higher in CD4 ϩ cells than in CD8 ϩ cells. These infections were performed in parallel, using CD4 ϩ and CD8 ϩ target cells from the same donor to eliminate differential replicative capacities of HIV-1 in cells from different individuals. Some of the isolates (e.g., 92US727) failed to replicate in CD8 ϩ cells but replicated to high levels in CD4 ϩ cells, while other isolates (e.g., 96USSN20) replicated at low levels both in CD8 ϩ and CD4 ϩ cells. These results suggested that it is unlikely that the replication of the six isolates in purified CD8 ϩ cells was due to the presence of a small (Ͻ1%) number of contaminating CD4 ϩ cells. Furthermore, as previously reported (31), a well-studied CD4-tropic HIV-1 strain (IIIB) also failed to replicate in purified CD8 ϩ cells (data not shown). These data indicated that CD4-independent HIV-1 variants appeared to be present in 6 of the 12 patients examined in this study.
After infection of CD8 ϩ cells, the cells were rigorously sortpurified to exclude the possibility of CD4-tropic virus contamination. A sensitive RT-PCR that could detect the presence of a single CD4 ϩ cell in 100,000 cells (31) (data not shown) did not detect any CD4 mRNA in the sorted CD8 ϩ cells from which the CD4-independent variants were eventually isolated. HIV-specific mRNA was detected in the CD8 ϩ cells infected with viruses from some of these patients (Fig. 1C) . It should be noted that at the time of sorting of purified CD8 ϩ cells, little or no virus production was detected in most of the infected cultures, which also ruled out the possibility of virus-induced down-modulation of CD4 molecules in the infected CD8 ϩ cells (Fig. 1B) . When sorted CD8 ϩ cells were tested for the presence of viral DNA (gag), HIV-1 was detected for 7 of 12 patients examined, indicating infection of CD8 ϩ CD4 Ϫ cells by viruses from these patients ( Table 1) . Six of these seven patients that were HIV DNA positive also produced viruses after infection of primary CD8 ϩ cells (Fig. 1A) . The reason that viruses from one patient (96USHIP9) failed to replicate in CD8 ϩ cells, in spite of these cells being HIV DNA positive, is not clear. However, as discussed below and in Table 2 , virus replication was also detected for this patient's viruses when the infected CD8 ϩ cells were cocultured with CD4-depleted cells
FIG. 1. Infection and virus production in purified CD8
ϩ (A) and CD4 ϩ (B) cells by viruses from 12 patients (Table 1) , as described in Materials and Methods. (C) RT-PCR detection of mRNA for CD8 (lanes 2 to 5), CD4 (lanes 6 to 9), and HIV-1 (lanes 10 to 13) from sorted CD8
ϩ cells 3 days after infection with bulk viruses from a representative patient (96USHIPS4) from which a CD4-independent variant was isolated (lanes 2, 5, and 10) and from a patient (93US151) who did not harbor CD4-independent viruses (lanes 4, 7, and 12). Sorted CD8 ϩ cells infected with previously identified CD4-independent CD8-tropic isolate AD3.v6 (31) (lanes 3, 6, and 11) and chronically infected CD4 ϩ cell line 8E51 (lanes 5, 9, and 13) were used as controls. Lane 14, water control for PCR contamination. Parallel samples were run without reverse transcription as a control for DNA contamination of the samples (data not shown). The limit of detection of mRNA for CD4 ϩ cells is 1 CD4 ϩ cell in 100,000 cells (31) (data not shown).
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from a healthy donor. Together, these data provide evidence of CD4-independent viruses being present in 7 of 12 patients tested in this study.
Isolation of CD4-independent viruses.
In order to grow CD4-independent isolates, we cocultured infected and sorted CD8 ϩ cells with purified CD8 ϩ (CD4-depleted) T cells from healthy donors. No virus production was observed when CD8 ϩ cells infected with any of the five isolates that failed to replicate in CD8 ϩ cells were cocultured with either CD8 ϩ or CD4 ϩ cells from healthy donors. Indeed, these cocultures continuously remained HIV negative by PCR as the cocultures were monitored for up to 4 weeks, further affirming that no contaminating CD4-tropic viruses were present in the sorted CD8 ϩ cells (data not shown). In contrast, virus production was readily detected when sorted CD8 ϩ cells from the seven patients that were HIV-1 DNA positive were cocultured either with CD4 ϩ (data not shown) or CD8 ϩ (Table 2) cells. To distinguish them from the parental viruses, we named the CD4-independent strains isolated from cocultures with CD8 ϩ cells with the suffix "T8" (as it originated from CD8 ϩ cells) after the respective viral strain name. For example, 92US077-T8 is the CD4-independent variant that was isolated from patient 92US077. As mentioned above, all of the CD4-independent variants also replicated efficiently in CD4 ϩ cells, suggesting that although they are CD4 independent, these viruses have maintained an unchanged ability to grow in CD4 ϩ cells and thus should be considered dual (CD4/CD8)-tropic.
A wide range of virus production was detected in the CD8 ϩ cell cocultures with viruses from different patients ( Table 2) . Several interesting observations were made when CD4-independent variants from different patients were grown in cocultures with CD4 ϩ or CD8 ϩ cells (Table 2 ). For example, in spite of containing high levels of infectious particles (TCID 50 s), viruses could not be detected in CD8 ϩ even by the sensitive AMPLICOR assay with the CD4-independent isolates from two patients ( Table 2) . It has been reported that up to 7% of HIV-infected patients may remain undetectable by AMPLI-COR (34) . Interestingly, the original isolates from these two patients readily tested positive by AMPLICOR, suggesting that the CD4-independent isolates from these patients could be genotypically different variants present in the viral quasispecies (data not shown). In agreement with the X4 or R5 X4 phenotype of these isolates as listed by the ARRP (Table 1) , all CD4-independent variants, as well as their parental bulk viruses, induced syncytia in primary CD4
ϩ cells as well as in MT-2 cells (data not shown). Remarkably, CD4-independent variants from two patients (92UG046-T8 and 93US143-T8) also induced syncytia in CD8 ϩ cells ( Table 2 ). The number and time course for the appearance of syncytia in CD8 ϩ cells were comparable to those for CD4 ϩ cells, suggesting that the formation of syncytia in CD8 ϩ cells by these two variants was not due to the presence of contaminating CD4 ϩ cells. Syncytium induction in CD8 ϩ cells by the 92UG046-T8 and 93US143-T8 strains was quickly followed by the acute death of the infected cells, providing evidence for the first time of syncytium-inducing (SI) and acutely cytopathic HIV-1 strains for CD8 ϩ lymphocytes. Note that infection with the original isolates from none of these patients produced syncytia or caused cytopathic effects in CD8 ϩ cells, suggesting that the isolated CD4-independent viruses from these two patients remained phenotypically distinguished minority variants that were present in the bulk viral quasispecies (data not shown).
To further affirm that the CD4-independent viruses that were isolated from the seven patients were present in the original viral isolates and did not emerge during in vitro virus propagation, we performed V1/V2-and V3-specific HTA analyses to compare the variants present in the original isolates, the isolates propagated in CD4 ϩ cells, and the isolated CD4-independent viruses for the two patients, 93US143 and 92UG046, from whom the CD4-independent isolates induced syncytia in CD8 ϩ cells. V3-HTA analysis indicated that single V3 genotypes existed in both original isolates that were consistent with all of the downstream isolates (data not shown). However, V1/V2-HTA showed multiple genotypic variants in both original isolates. Isolate 93US143 had three different variants that were maintained during CD4 ϩ cell propagation, and one of these genotypic sequences corresponds with the env clone derived from the CD4-independent isolate from the CD8 ϩ cell propagation of this strain (Fig. 2 ). An early passage of the CD4-independent isolate 93US143-T8 was unavailable for analysis, and analysis of a later passage of the isolate indicated that all of the variants had acquired the new mutations (data not shown). Similar results were obtained with isolate 92UG046, in that two genotypic variants were seen in the original isolate and the isolate propagated in CD4 ϩ cells, and the env clone generated from 92UG046-T8 matched the V1/V2 migration of one of the two heteroduplex bands of the original isolate (data not shown). The 93US143-T8 clone sequence represented 22% of the 93US143 isolate and the 92UG046-T8 clone sequence represented 55% of the 92UG046 isolate. It should be noted that the relative abundance of the clone sequences was determined only for the V1/V2 region and that the variants in the isolates with these V1/V2 sequences are likely to have differences outside of V1/V2 that influence their ability to replicate in CD4-negative cells; thus, the actual frequency of the CD4-independent variants present in the quasispecies is likely to be Ͻ22 to 55%. Nevertheless, these data indicate that the CD4-independent variants that we have isolated from infected CD8
ϩ cells were present in vivo in the patients' bulk viral quasispecies. Taken together, these results demonstrate that 7 of 12 patients examined in this study harbored CD4-independent HIV-1 viral variants in the viral quasispecies that were able to infect CD8 ϩ cells in the absence of CD4. These data also show that CD4-independent variants from two patients were SI and acutely cytopathic for primary CD8 ϩ cells.
CD4-independent infection of CD8
؉ cells. To further characterize the CD4-independent phenotype of these viruses, we examined the ability of different CD4-independent variants to infect a CD8 ϩ -T-cell line (KRCD8) that does not express CD4 and has been shown to be resistant to regular CD4-tropic HIV-1 (31) . As shown for a representative experiment in Fig. 3A , HIV-specific transcripts (gag) were evident in KRCD8 cells after infection with CD4-independent variant 96USSN20-T8 (lane 8), but not with CD4-tropic isolate 93US151 (lane 9). KRCD8 cells expressed CD8 mRNA, but no CD4 mRNA was detected in these cells, indicating that virus entry into these cells was independent of CD4 (Fig. 3A) . All of the CD4-independent variants, as well as a previously identified CD8-tropic strain, AD3.v6, replicated in KRCD8 cells, while viruses from none of the patients that contained only CD4-tropic strains were able to replicate in these cells (Fig.  3B) . It is noteworthy that the original isolates from patients that harbored CD4-independent variants also failed to replicate in KRCD8 cells (data not shown), further suggesting that the CD4-independent viruses were minority variants present in the viral quasispecies in these patients and had to be amplified during culture in order to isolate the CD4-independent strains. Although most of the CD4-independent variants induced lowgrade infections in KRCD8 cells without any noticeable cytopathic effects, striking syncytia were produced after infection of KRCD8 cells with the 92UG046-T8 and 93US143-T8 isolates (Fig. 3D) . Productive infection was necessary for the induction of syncytia in KRCD8 cells, since no syncytia were visible after heat inactivation of the viruses (Fig. 3C) . It may be noted that these two isolates also had induced syncytia in primary CD8 ϩ T cells (Table 2 ). Like the case for primary CD8 ϩ cells, acute death of KRCD8 cells occurred after infection with the 92UG046-T8 and 93US143-T8 strains. These results establish that the 92UG046-T8 and 93US143-T8 viruses are of the SI phenotype and are acutely cytopathic for CD8 ϩ cells. Replication of the CD4-independent isolates was also compared between CD8 ϩ and CD4 ϩ T cells. Figure 4 shows replication of a CD4-independent strain (93US143-T8) in primary CD8 ϩ and CD4 ϩ T cells. The CD4-independent isolate replicated to comparable levels in purified CD8 ϩ cells and CD4 ϩ cells from the same donor, indicating that this variant has maintained CD8 as well as CD4 tropism. Furthermore, soluble CD4, as well as anti-CD4 antibodies (data not shown), had no effect on the infection of CD8 ϩ cells by the 93US143-T8 isolate. In contrast, the CD4-tropic IIIB viruses replicated to a high level in CD4 ϩ cells, and infection was blocked by pretreatment of these viruses with soluble CD4. As expected, IIIB viruses failed to replicate in CD4-depleted CD8 ϩ cells, indicating the absolute requirement of CD4 ϩ cells for the growth of these viruses (Fig. 4) . It may be pertinent to mention here that although the original viral isolates from patient 93US143 were also able to infect CD8 ϩ cells (Fig. 1A) , replication of the CD4-independent variant isolated from the same quasispecies replicated far more efficiently in CD8 ϩ cells. For example, the bulk viruses from patient 93US143 produced peak p24 levels of 34.3 and 2.6 ng/ml in CD4 ϩ and CD8 ϩ cells, respectively, indicating more robust virus replication in CD4 ϩ cells than in CD8 ϩ cells (Fig. 1A and B) . In contrast, the CD4-independent isolate from the same patient (93US143-T8) produced peak p24 levels of 31.7 and 36.4 ng/ml in CD4 ϩ and CD8 ϩ cells, respectively, suggesting comparable replication efficiencies of these variants in CD4 ϩ and CD8 ϩ cells (Fig. 4) . These experiments were repeated four times with comparable results. These results are consistent with our hypothesis that the CD4-independent viral variants were present in the original viral quasispecies and were amplified during CD8 ϩ CD4 Ϫ cell infection due to their enhanced ability to infect and replicate in CD8 ϩ cells.
FIG. 2. HTA of the V1/V2 loop of the original viral quasispecies, viruses grown in vitro in CD4
ϩ cells, and the cloned envelope of the CD4-independent variant from patient 93US143. Lanes 1 and 2, the original isolate and the isolate grown in CD4 ϩ cells, respectively; lane 3, the cloned envelope from the CD4-independent variant isolated from the patient. The bands were sequenced for confirmation of the fragments as described in Materials and Methods (data not shown).
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Viral entry and use of receptors or coreceptors. Along with the CD4 receptor, most HIV-1 strains also require R5 or X4 as a coreceptor for viral entry. Accordingly, HIV-1 isolates have been classified into phenotype SI X4 or non-SI (NSI) R5 based on the ability to use the CXCR4 or CCR5 coreceptor, respectively. Most of the SI strains are also able to induce syncytia in CD4 ϩ cells such as MT-2 cells (2). Previously identified CD4-independent isolates from our laboratory were NSI in CD8 ϩ cells even though these viruses were X4 and SI in primary CD4 ϩ cells as well as MT-2 cells (31). Each of the seven original isolates from which the CD4-independent variants were isolated for this study was classified by the ARRP as either X4 or R5X4 tropic, and none was just R5 tropic (Table  1 ). All CD4-independent variants isolated from these patients also maintained the SI X4 phenotype, as they were able to form syncytia in primary CD4 ϩ cells as well as MT-2 cells (data not shown).
The coreceptor usage of the CD4-independent variants as well as their parental isolates was further characterized by infection of U87 cells that coexpressed CD4 and each of the commonly used HIV coreceptors (Table 3) . Infection of the U87-CD4 cell lines was monitored by p24 ELISA and observation of syncytium formation. The use of coreceptors in U87-CD4 cells by the parental isolates generally matched the phenotypes listed by the ARRP (Tables 1 and 3 ). However, four of the CD4-independent isolates, but not their parental isolates, had an enhanced ability to use CCR1 as an additional coreceptor for infection of U87-CD4 cells. Syncytia were observed and p24 production was detected (except with one isolate) after infection of U87-CD4-CCR1 cells for four of the seven CD4-independent isolates (Table 3) . Interestingly, one of the CD4-independent isolates (92UG046-T8) was able to infect all of the U87 cell types used in this study, including the parental U87 cells that did not express either CD4 or any of the coreceptors, suggesting that this variant was probably able to use an unidentified receptor for infection of the U87 cells. Note that the parental viruses from this patient (92UG046) were able to infect only the U87-CD4 cells that coexpressed either the R5 or X4 coreceptor (Table 3 ). These data suggest that the CD4-independent isolates were able to use a wider range of molecules as coreceptors for infection of CD4 ϩ cells than were their parental isolates.
Previously isolated CD8-tropic viruses entered CD8 ϩ cells independent of CD4 by using CD8 as a receptor, and antibodies against CD8 blocked infection of CD8 ϩ cells (31) . Anti-CD8 antibodies were unable to prevent infection of CD8 ϩ cells
FIG. 3. Effects of infection of KRCD8 cells with CD4-independent isolates. (A) Evidence of CD8, CD4
, and HIV-1 mRNA after infection of KRCD8 cells with representative CD4-independent (96USSN20-T8) and control CD4-tropic (93US151) isolates. RT-PCR was performed for mRNA detection of CD8 (lanes 2 to 4), CD4 (lanes 5 to 7), and HIV-1 (lanes 8 to 10) by using specific primers (18) . Lanes 2, 5, and 8, infection with 96USSN20-T8; lanes 3, 6, and 9, infection with 93US151; lanes 4, 7, and 10, respective positive controls; lane 11, water control for PCR contamination. All samples were run with and without RT to rule out DNA contamination (data not shown). (B) Infection and replication of CD4-independent isolates in KRCD8 cells. A representative CD4-tropic isolate (92US727) and previously identified CD8-tropic isolate AD3.v6 (18) were used as negative and positive controls, respectively. (C and D) Induction of syncytia in KRCD8 cells. Syncytia were examined 3 days after infection of KRCD8 cells with a representative live (D) or heat-inactivated (C) CD4-independent virus, 92UG046-T8. Arrows point to some of the syncytia.
by any of the CD4-independent viruses isolated for this study. In addition, soluble CD8 (a gift from George Gao, Oxford University, Oxford, England) also had no effect on infection of CD8 ϩ cells by the CD4-independent viruses (data not shown).
Some of the CD4-independent variants isolated in this study were also able to infect B cells that did not express either CD4 or CD8 (manuscript in preparation). Thus, although the exact mode of entry of the CD4-independent variants into the CD4-negative cells remains unclear at present, it appears that unlike the previously reported CD8-tropic strains (31), these variants do not use CD8 as a receptor for infection of CD8 ϩ cells. Envelope sequences of the CD4-independent isolates. For infection with HIV-1, an interaction between the viral envelope (env) and cellular receptors or coreceptors is the first and most critical step (2) . Changes in the viral env are likely to be responsible for the altered tropism of the CD4-independent variants. We sequenced the entire env genes of the CD4-independent viruses isolated from different patients. The env genes of the major CD4-tropic isolates present in these patients were also sequenced from bulk virus-infected CD4 ϩ cells for comparison. Differences in the V1/V2, V3, V4/C4, and transmembrane (gp41) regions were observed between the CD4-independent variants and the original CD4-tropic isolates present in the same patient (data not shown). Although several changes were observed in the CD4-independent viruses from different patients, no obvious consensus sequence for CD4 independence was noticeable among the seven CD4-independent variants isolated in this study or the previously isolated CD8-tropic variant, AD3.v6 (Fig. 5) . However, CD4-independent variants from several patients exhibited interesting sequence patterns. For example, although the CD4-tropic viruses
FIG. 4. Infection of primary CD4
ϩ and CD8 ϩ cells by CD4-independent isolate 93US143-T8 and CD4-tropic HIV-1 strain IIIB. Infection of purified cells was performed with or without pretreatment of the viruses with soluble CD4 (sol. CD4) as described in Materials and Methods, and the infection was monitored by regular measurement of p24 antigen by ELISA. CD4-tropic IIIB viruses were used as a control in this experiment. 
a U87 cells expressing different coreceptors were infected as described in Materials and Methods. Infections were scored by the presence of syncytia at different days postinfection and by an increase in p24 production (not shown).
b ϩ, infection; Ϫ, no infection. For cases when infection was present, the day postinfection when syncytia were detected is indicated in parentheses.
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from patient 92UG046 had a full-length env (data not shown), the CD4-independent variant isolated from this patient (92UG046-T8) had a sharply truncated cytoplasmic tail due to a point mutation in the transmembrane domain (Fig. 5) . A truncated cytoplasmic tail has been associated with CD4-independent entry by a IIIB mutant (22) . Another notable observation was the insertion of an HSSLKGLRL sequence in the gp41 region of two separate CD4-independent isolates, 96USSN20-T8 (subtype A) and 93UG086-T8 (subtype D) (Fig.  5) . Although the HSSLKGLRL insertion has been found in subtype A, C, and G viruses, to our knowledge, this is the first subtype D virus to have this insertion. The V3 loop has been identified as the major determinant of cellular tropism and coreceptor specificity for HIV-1 (15) . Several unique features were noted in the V3 loop sequences of the two isolates, 92UG046-T8 and 93US143-T8, that induced syncytia and were cytopathic for CD8 ϩ cells (Fig. 5) . N-linked glycosylation sites in env have been shown to play a critical role in HIV tropism and have been linked with CD4 independence for some strains (21, 26, 38) . Nearly all R5X4 viruses maintain an asparagine (N) residue towards the amino terminus of the V3 loop, corresponding to position 324 in Fig. 5 (15) . Although this asparagine residue remained unchanged in most of the CD4-independent strains, both 92UG046-T8 and 93US143-T8 had substitutions for this asparagine residue, resulting in the loss of the critical N-linked glycosylation site. However, in spite of this loss of the N-linked glycosylation site, both of these SI variants maintained R5X4 tropism for CD4 ϩ cells (Table 3) . Further, the arginine (R) residue corresponding to position 331 (Fig. 5 ) makes a critical contribution to CXCR4 binding by FIG. 5 . Comparison of the envelope sequences of the CD4-independent variants isolated from different patients and of the previously identified CD8-tropic virus AD3.v6 and CD4-tropic HIV-1 IIIB as controls (31) . The premature ending of gp41 from one patient (92UG046-T8) is marked ‫.)ء(‬ Important areas have been highlighted.
HIV-1 (1), and a change of this basic residue to a neutral proline (P) residue has been correlated with CD4-independent infection (38) . Interestingly, the arginine in position 331 has been replaced with proline in both the 92UG046-T8 and 93US143-T8 variants, but not in any of the other CD4-independent strains (Fig. 5) . Also, in the context of the GPGR residues at the apex of the V3 loop, a downstream IGXI motif corresponding to positions 349 to 352 (Fig. 5) is essential for interaction with R5 coreceptors (15) . Even though most of the CD4-independent variants isolated for this study maintained the IGXI motif, the first isoleucine (I) residue was mutated in both the 92UG046-T8 and 93US143-T8 strains (Fig. 5) . Thus, it appears that the two SI isolates that were also cytopathic for CD8 ϩ cells had interesting similarities in their V3 loop sequences. Further studies will be necessary to understand whether these changes in the V3 loop had any role in the unique phenotypes of these two variants. It is also important to remember that all of the CD4-independent variants isolated in this study maintained CD4 tropism, since each of these viruses continued to replicate efficiently in CD4 ϩ cells. Therefore, although the sequences obtained from infected CD8 ϩ cells are likely to be associated with CD4 independence, sequences from CD4 ϩ cells may or may not be exclusive for CD4 tropism. Future studies with recombinant and mutant viruses will be necessary to identify the exact mutations responsible for the changed tropism of these CD4-independent viruses.
DISCUSSION
In this study, we show that CD4-independent viruses that can infect CD8 ϩ lymphocytes frequently exist in HIV-1-infected patients. The CD4-independent isolates, however, still maintain the ability to infect CD4 ϩ cells. Members of our laboratory previously isolated CD4-independent and CD8-tropic HIV-1 from an AIDS patient (31). Here we provide evidence of the presence of CD4-independent viruses in other AIDS patients as well as in HIV-1-positive asymptomatic individuals. We further provide evidence of the presence of CD4-independent HIV-1 variants that are able to induce syncytia and cause acute death of infected CD8 ϩ cells. The CD4-independent viruses were isolated from patients who have been previously studied by different laboratories. The CD4-independent variants included viruses from the A, B, and D subtypes of HIV-1, indicating that the evolution of these novel HIV-1 strains is probably independent of viral genotype.
The CD4-independent viruses were isolated from infected CD8 ϩ cells. It is unlikely that the infection of CD8 ϩ cells with isolates from 7 of 12 randomly selected patients was due to CD4 ϩ cell contamination for several reasons. First, CD8 ϩ cells were purified, infected, and then sorted to eliminate any cells expressing CD4 molecules. Indeed, no CD4 expression was detected in these cells either by FACS (data not shown) or by sensitive RT-PCR (Fig. 1C) . Thus, no CD4 cells had contam- inated the CD8 ϩ cell pools from which the CD4-independent variants were isolated. Second, CD8
ϩ cells infected with viruses from the five patients that failed to replicate in CD8 ϩ cells continuously remained PCR negative for HIV, even though these viruses replicated efficiently in CD4 ϩ cells, suggesting that there was no CD4 contamination (Fig. 1B) . Third, no viral DNA was detected in sort-purified CD8 ϩ cells after infection with a highly virulent CD4-tropic (IIIB) HIV-1 strain (data not shown), indicating that our method of isolating CD4-independent viruses was unlikely to be contaminated with pure CD4-tropic viruses. An interesting feature of this study was the observation of syncytia and acute death of CD8 ϩ cells after infection with the CD4-independent variants from two patients (92UG046-T8 and 93US143-T8) ( Table 2 and Fig. 3C and D) . Infection of CD8 ϩ cells by previously identified CD4-independent isolates from a single patient was not cytopathic and did not produce syncytia (31) . Most of the CD4-independent viruses isolated in this study also were not acutely cytopathic or SI in CD8 ϩ cells. These findings suggest that the CD4-independent viruses may also be of the SI or NSI phenotype for CD8 ϩ cells. Further, the two viruses that induced syncytia in CD8 ϩ cells did not replicate at increased levels in CD8
ϩ cells compared to the viruses that did not cause syncytia in these cells (Table 2 and Fig. 3B ), suggesting that these two CD4-independent SI variants may be inherently more fusogenic in CD8 ϩ cells. Similar inherently fusogenic SIV strains have been described previously (16) . It is interesting that all of the CD4-independent viruses isolated in this study and the previously isolated CD4-independent variants (31) were able to form syncytia in primary CD4 ϩ cells as well as in MT-2 cells, suggesting the ability of these isolates to use the X4 coreceptors that are usually responsible for syncytia in CD4 ϩ T cells. However, only the 92UG046-T8 and 93US143-T8 variants were able to induce syncytia in CD8 ϩ cells. Therefore, the CD4 SI phenotype does not predict a CD8 SI phenotype, and induction of syncytia in CD8 ϩ cells may be independent of the X4 coreceptor. The molecule(s) responsible for the induction of syncytia in CD8 ϩ cells remains unclear at present.
Previously isolated CD4-independent viruses were able to infect CD8 ϩ lymphocytes by using CD8 as a receptor (31) . Anti-CD8 antibodies were not able to prevent infection of CD8 ϩ cells by any of the CD4-independent variants isolated in this study (data not shown). Further, the CD4-independent variants from one patient (92UG046-T8) were able to infect parental U87 cells that were negative for CD4, CD8, and all of the common HIV coreceptors, including R5 and X4 (Table 3) . Indeed, the 92UG046-T8 isolate was also able to infect other CD4-negative cell lines, including HeLa and GHOST cells (data not shown), suggesting the possibility of a novel mode of viral entry for this variant. Also, primary B cells and B-cell lines (B-LCL) that expressed neither CD4 nor CD8 were susceptible to infection with some of the CD4-independent viruses isolated here (unpublished data). Therefore, although the exact mode of entry into CD8 ϩ cells by the CD4-independent viruses remains unknown, it appears that these novel variants did not use CD8 molecules as a receptor for infection of CD8 ϩ cells. Previously identified CD4-independent viruses were reported to have an enhanced ability to use either X4 or R5 molecules in the absence of CD4 to enter CD4-negative cells (2, 6, 8, 19, 21, 29) . The CD4-independent isolate 93US143-T8 was able to enter quail cells independent of CD4 by using X4 molecules alone (Robert W. Doms, University of Pennsylvania, personal communication). However, antibodies against X4 or R5 were not able to prevent infection by the CD4-independent viruses isolated in this study (unpublished observation). Therefore, whether X4 and R5 coreceptors are involved in viral entry into the CD4-negative cells remains unclear at the present time. Nevertheless, infection of CD8 ϩ lymphocytes in vivo through an X4 or R5 coreceptor in the absence of CD4 has not been reported. It is also possible that CD4-independent viruses from different patients may have adapted to use different routes to infect CD4-negative cells. Although no specific motifs for CD4 independence were apparent in the env sequences of different CD4-independent isolates, several interesting changes were noticeable in the important V1/V2, V3, V4/C4, and gp41 regions of different CD4-independent viruses. The previously identified CD4-independent variants that used CD8 as a receptor had a unique insertion of a long string of amino acids in the V1/V2 loop that none of the viruses isolated in this study shared (Fig. 5) . The unique changes observed in different parts of env for the CD4-independent viruses are likely related to the novel phenotypes of these HIV-1 variants. Further studies are necessary to identify the specific changes in the envelope responsible for CD4 independence.
The in vivo evolution of HIV-1 variants that are adapted to use additional coreceptors under selective pressure is well established (14) . All of the CD4-independent variants isolated in this study were from patients who were infected with either X4 or R5X4 viruses that usually appear late in HIV-1 disease. It is tempting to speculate that the CD4-independent variants may evolve with the progression of HIV-1 disease and under selection pressure from a decline in the number of primary target CD4 ϩ cells. Future longitudinal studies with a larger cohort of patients will be necessary to establish this hypothesis. The CD4-independent viruses were isolated for this study from short-term cultures in vitro. We wondered about the possibility of the emergence of these novel HIV-1 strains during the in vitro propagation of these viruses. Comparison by HTA of the original viral quasispecies with the viruses isolated by traditional short-term culturing with primary CD4 ϩ cells and of the cloned CD4-independent strains from the two patients indicated that the CD4-independent viruses that we isolated existed in the original viral quasispecies as a minority variant (Fig. 2) . Sequence analysis of the V1/V2 regions confirmed that the CD4-independent clone sequence from 93US143-T8 was the same as that from one of the variants in the parental isolate (data not shown). The CD4-independent V1/V2 sequences were present at a frequency that was 22 to 55% of that of the parental isolates, but it is likely that a much smaller proportion of these isolates have the CD4-independent phenotype due to other possible sequence differences outside of the V1/V2 region. Also, investigators in the World Health Organization network for HIV isolation and characterization have extensively studied the V3 loop and the surrounding regions of the env gene from patient 92UG046. The sequences present in this primary viral isolate were compared to viral sequences derived from a homologous plasma sample (4) Although several differences were reported between the plasma and the primary viral isolate, the sequence of the cloned CD4-independent variant isolated from this patient for our study was identical to those of the primary viruses originally isolated from the patient (4). These results further establish that the CD4-independent viruses that we have isolated were indeed present in this patient in vivo.
The emergence of CD4-independent viruses in vivo may potentially have serious consequences for HIV disease pathogenesis. Although the exact mode of transmission of CD4-independent viruses remains unclear at present, two of the CD4-independent strains in this study were isolated from infants, suggesting that these novel strains can be transmitted perinatally ( Table 1 ). Note that both infants from whom CD4-independent variants were isolated remained seronegative (35) . The CD4-independent viruses appear to induce low and sometimes almost undetectable levels of infection in CD4-negative cells, making identification of these novel variants more difficult. Further, the unchanged ability of these variants to efficiently replicate in CD4 ϩ cells makes recognition of these viruses even more challenging. Although HIV infection of CD8 ϩ cells in vivo has been known of for a long time, the exact nature of the viruses that enter CD8 ϩ cells has remained unclear (22, 33) . There is little dispute that the effect of the evolution of CD4-independent HIV-1 strains in vivo could be far-reaching. Even though CD8 ϩ cells were not acutely killed after infection with previously identified CD8-tropic viruses (31) or with most of the CD4-independent isolates in this study, it is possible that in vivo infection of CD8 ϩ cells could affect the functional activities of these important immune cells. It is also possible that chronically infected CD8 ϩ cells could be killed in vivo by other HIV-specific CD8 ϩ cytotoxic T lymphocytes, leading to a quantitative failure of these protective cells. More importantly, the evidence of CD4-independent variants from two patients with acute fusogenic and cytopathic effects on CD8
ϩ cells clearly suggests that the emergence of such variants may lead to the rapid declines in CD8 ϩ T cells in HIV-1-infected patients that are sometimes observed in the late stages of HIV-1 disease.
In summary, our results demonstrate that CD4-independent variants that can infect CD8 ϩ cells may frequently be present in HIV-1-infected patients. Our results also show that some of the CD4-independent variants may induce syncytia and cause acute death of infected CD8 ϩ cells. Although the exact mode of entry into CD4-negative cells remains unclear, it appears that some of the CD4-independent variants may use novel pathways for infection of CD4-negative cells. Identification of CD4-independent HIV-1 variants may be difficult due to unique phenotypic and genotypic changes in these variants. The emergence of CD4-independent variants in vivo may have important implications for AIDS pathogenesis.
